A B S T R A C T Micropuncture techniques in the rat were used to reinvestigate the possibility that intraluminal flow rate per se may influence net volume reabsorption by the proximal tubule. An experimental design was devised which lowered intraluminal flow without affecting filtration rate of the nephron under study or without directly affecting other renal hemodynamics. In 11 rats flow of tubular fluid between early and late proximal tubular sites was reduced by partially collecting tubular fluid at the early puncture site. In 42 nephrons the rate of flow of tubular fluid was reduced an average of 45% without changing nephron filtration rate and there was an associated reduction in reabsorption between the two sites which averaged 29%. This indicated 63% balance between delivery of tubular fluid and the rate of reabsorption between two sites along proximal tubules. The results of these studies indicate that a reduction in delivery of normal filtrate along the proximal tubule is associated with a concordant reduction in the absolute rate of reabsorption. Since this relationship occurred in the absence of changes in renal hemodynamics or even a change in filtration rate of the nephron under study it is concluded that changes in intraluminal load per se play an important role in the phenomenon of glomerulotubular balance.
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INTRODUCTION
The phenomenon known as glomerulotubular balance has been the subject of frequent investigations with micropuncture techniques during the past several years. It has been demonstrated that when glomerular filtration rate is reduced experimentally by a variety of maneuvers a nearly proportionate fall occurs in the rate of proximal tubular reabsorption, accounting for a major Received for publication 18 September 1972 and in revised form 5 December 1972. portion of the overall balance between filtration and reabsorption. Several theories have been proposed to explain glomerulotubular balance. Kelman (1) suggested that the proximal tubule behaves as a catalytic flowss reactor and that the radial diffusion of sodium from proximal tubular lumen across apical cell membranes is a limiting step in transtubular sodium transport. According to this concept when filtration rate is decreased turbulence within the lumen would diminish and net diffusion of sodium from luminal fluid into cells would fall, thereby decreasing net reabsorption. This concept seems unacceptable since it is unlikely that flow within the lumen of the renal tubule is turbulent or that radial diffusion of sodium is limiting step in net reabsorption. Leyssac (2) proposed that glomerulotubular balance is the result of an intrarenal hormonal feedback loop involving the renin-angiotensin system. Decreases in delivery of tubular fluid to the macula densa. as would result from a fall in filtration rate, cause a release of renin and subsequent formation of angiotensin in the area of the afferent arteriole. Angiotensin would then gain access to renal tubules by way of the glomerular filtrate or the peritubular circulation and it was envisioned that angiotensin depresses the rate of tubular reabsorption of sodium. Although this mechanism has not been disproved directly, it does seem unlikely in view of recent evidence that complete interruption of flow of tubular fluid out of proximal tubules has no apparent effect on reabsorption (3).' Gertz, Mangos. Braun, and Pagel (4) proposed that the degree of distension of proximal tubules, presumably by influencing surface area, regulates the rate of reabsorption. This was based on circumstantial evidence that under a variety of conditions there is a direct relationship between The journal of Clinical Investigation Volunme 52 April 1973 843; intratubular volume and the rate of reabsorption (5) . However, this concept cannot account for the presence of glomerulotubular balance when filtration rate is lowered by ureteral or renal venous obstruction which produce tubular distension at a time when reabsorption is decreased (6, 7) .
Each of the above explanations for glomerulotubular balance involves some intraluminal effect of changes in the delivery of filtrate to bring about concordant changes in the rate of reabsorption. However, most of the experimental designs used to study the phenomenon produce additional effects such as changes in blood flow, filtration fraction, and hydrostatic pressure which could mediate the change in tubular reabsorption. Techniques for microperfusing individual tubular segments and measuring reabsorptive rates afford a means of directly examining the effect of changing intratubular load on the rate of reabsorption. Although early studies with this technique were interpreted as showing a direct relationship between intratubular load and reabsorptive rate (8) several recent studies employing tubular perfusion in vivo (9) (10) (11) or in vitro (12) showed either no influence or only a limited influence of perfusion rate on reabsorptive rate. Moreover, it has been shown that a reduction in renal perfusion pressure and whole kidney filtration rate results in a fall in reabsorption by proximal tubules in which the intratubular load was maintained by microperfusion (13) . Thus, the majority of evidence obtained from microperfusion of tubular segments indicates that glomerulotubular balance is not mediated by an intraluminal effect of load (glomerular filtrate) per se.
During the same period of time that the phenomenon of glomerulotubular balance was being studied as outlined above, a considerable body of evidence was being accumulated supporting the view that forces determining peritubular capillary absorption also may regulate proximal tubular reabsorption (14, 15) . Such evidence together with the lack of experimental support for an intraluminal pathway mediating glomerulotubular balance has shifted attention to peritubular capillary forces as a mechanism for coupling filtration rate and tubular reabsorption (16) (17) (18) (19) (20) . Changes in filtration fraction which could occur when filtration rate is changed could modulate peritubular plasma protein concentration in such a way as to effect proportionate changes in tubular reabsorption (16) (17) (18) . Alternatively, decreases in peritubular blood flow accompanying decreases in filtration rate conceivably could limit peritubular capillary absorptive capacity and decrease net tubular reabsorption (13, 16, 17) . In this laboratory we recently reinvestigated proximal tubular reabsorption using the technique of in vivo microperfusion (21) . Our data suggested that proximal reabsorption is influenced by nonidentified plasma fac-tors and that difficulties inherent to the technique do not allow precise recognition of flow mediated changes in reabsorption, although this was supported by the evidence. For the above reasons it seemed important to reinvestigate the possibility that there does exist some direct relationship between intraluminal load per se and the rate of proximal tubular reabsorption. Accordingly, a method was devised for changing the delivery of normal glomerular filtrate in individual nephrons without involving hemodynamic changes in the kidney and without changing filtration rate of the nephron under study. The results indicate that there is a major decrease in reabsorption when load is diminished under such circumstances indicating that intraluminal factors can play an important role in glomerulotubular balance.
METHODS
Experiments were performed in 11 male Sprague-Dawley rats weighing 250-350 g which were anesthetized and prepared for micropuncture as described previously (3). Animals received a maintenance infusion of an isotonic Ringer's solution at 50 ,ul/kg per h which contained inulin in an amount to maintain plasma levels of 50-100 mg/100 ml and p-aminohippuric acid in an amount appropriate for clearance measurements. Techniques for microand macroanalyses were the same as described previously (3, 14) . Means of results are expressed as ±+1 standard deviation. Significance of differences between means was tested by paired or unpaired t test or by variance analysis (22) . Reduction in intraluminal flow by double collection was performed in 42 tubules of 11 rats. The technique is shown schematically in Fig. 1 . A thin and long-tipped pipette (pipette 1, OD 6-8 Atm) filled with oil was inserted into what appeared to be an early proximal convolution (site a) and an oil droplet was injected for purposes of mapping the more distal surface convolutions. A second pipette (pipette 2, OD 10 Asm) was inserted into the most distal surface convolution (site b) of the same proximal tubule. With both pipettes in place a total free flow collection was taken by the usual technique (3) from site b (collection 1). A new pipette was then inserted at site b and after inserting the oil block for total collection at site b simultaneous collections were begun at both sites a and b (collection 2a and 2b). Removal of tubular fluid at site a was controlled, usually by applying positive pressure, so as to remove at a steady rate only a portion of the tubular fluid passing site a. Aspiration at site b was performed to collect all of the remaining tubular fluid. The duration of this double collection was 3-14 min. A final collection (collection 3) was made by inserting a new pipette at site a and aspirating all tubular fluid reaching this site.
Nephron filtration rate (NFR) 2 was calculated from the tubular fluid (TF) to plasma (P) ratio for inulin (In) and the volume of tubular fluid collected per unit time (V):
The absolute rate of tubular reabsorption (C) was calculated as NFR -V. During double collections NFR was taken as the sum of NFR calculated from collections at sites a and b.
The rate of delivery of tubular fluid (D) beyond site 1 (D'8,b) during total collection from site b (collection 1) was calculated from NFR measured during collection at site b and the average TF/P1. measured at site a during the second and third collections: D1a_b = NFR(P/TFin)a. The rate of delivery beyond site a during the double collection (D2'a.b) was calculated from NFR (sum of collections at sites a and b), concentrations of inulin in plasma and tubular fluid at site a and the collection rate at site a (Va):
D2a -= NFR(P/TFin) a -Va. The absolute rate of reabsorption between sites a and b was calculated as Da,b minus the collection rate at site b (Vb).
The extent of balance between tubular load and reabsorption was expressed as a percentage by dividing the percentage change in absolute reabsorption by the simultaneous percentage change in Da gb.
These studies involved two micropuncturists operating simultaneously under a double dissecting microscope. The operators alternated sampling at early and late proximal tubular sites.
RESULTS
Details of this experiment are given in Table I . Total collections were made first from the last accessible proximal convolution (site b) during which time a second pipette was positioned in the lumen (but not aspirating) at one of the first accessible convolutions of the same tubule (site a). During this first collection NFR averaged 43.5±+13.9 nl/min; TF/P inulin averaged 2.54 ±0.72 at site b during this first collection, consistent with the visual evidence that site b represented a late proximal convolution. Immediately after completing this first collection simultaneous collections were begun from site a (collection 2a) and site b (collection 2b). NFR during this double collection (collection 2a + collection 2b) averaged 40.4+15.1 nl/min which was not statistically different (P> 0.05) from that measured during the initial total collection from site b. At the conclusion of the double collection a total collection was made at site a only (collection 3) and this third measurement of NFR averaged 44.2±+14.3 nl/min which was not statistically different from the previous two measurements in the same nephron (variance analysis, P > 0.05). Thus, overall NFR was the same when measured by total collection from a late proximal convolution (site b), by combined collections from early and late proximal convolution (site a + site b) or from an early convolution only (site a).
From the data obtained during the three collections it was possible to calculate the delivery of tubular fluid 1 Q9aHY}) e)Y) E 2 3 FIGURE 1 Technique for reducing intratubular flow rate by dual collection. (1) Pipette no. 1 was placed in an early proximal convolution (a) and an oil droplet was injected to identify the last accessible proximal tubular convolution (b) where second pipette no. 2 was inserted. A total collection then was made at site b only (collection 1). (2) Dual collections were then made by aspirating part of the tubular fluid at site a and simultaneously collecting the remaining tubular fluid at site b (collections 2a and 2b).
Finally, a total free-flow collection was made at site a (collection 3).
between sites a and b of the proximal tubule, first when no fluid was aspirated at site a and again when a partial collection was made at this site. When the flow of tubular fluid between sites a and b was unaltered, delivery (D) beyond site a averaged 28.3±9.5 nl/min and reabsorption (C) between sites a and b averaged 9.4± 5.0 nl/min. During partial aspiration at site a delivery of tubular fluid beyond site a was decreased to 15.2±6.6 nl/min and reabsorption between sites a and b decreased to 6.1±3.4 nl/min. Thus, in the absence of a change in NFR a reduction in flow of tubular fluid averaging 46± 15% was associated with a 29±30% reduction in the absolute rate of reabsorption. This represents 63% balance between load and reabsorption for the segments of proximal tubule in which delivery was decreased in the absence of a change in NFR.
As shown in Table I TF/P1n at site a was not statistically different during collection 2a (partial collection) and collection 3 (total collection) which together with the measurements of NFR indicates that there was no significant effect of the procedure on volume delivery and fractional and absolute reabsorption up to the puncture site in the early proximal tubule. TF/P1. at site b (late proximal tubule) increased from 2.54+0.72 during collection 1 (total collection from the late proximal tubule) to 2.98±0.99 (P <0.01) during collection 2b (reduced delivery between sites a and b), indicating that the reduction in flow of tubular fluid between sites a and b was associated with some increase in fractional reab- Roman numerals in the first column represent different animals. Each row of data represents single nephrons which are shown in the sequence in which they are studied. Abbreviations are as follows: NFR, nephron filtration rate; (TF/P.n)., ratio of inulin in tubular fluid collected at site a (early proximal tubule) to that in plasma; (TF/Pr.)b, ratio of inulin in tubular fluid collected at site b (late proximal tubule) to that in plasma; D...b, volume of tubular fluid delivered between sites a and b;
Carobs absolute rate of reabsorption between sites a and b; 1 refers to initial total collection at site b, 2 refers to the dual col- 73.4 32.0 29.0 --29.8 -sorption by these segments of proximal tubules. This increased fractional reabsorption at the late proximal tubule sites is similar to that observed in the late proximal tubule when NFR and whole kidney filtration are reduced approximately 50% (23) by aortic constriction, indicating incomplete glomerulotubular balance under both circumstances.
DISCUSSION
The purpose of the present experiment was to reexamine the possibility that changes in the volume of filtrate per se will result in directionally similar changes in the rate of proximal tubular reabsorption. The reasons for reinvestigating this question were: (a) Although previous theories regarding an intraluminal pathway for glomerulotubular balance have not withstood rigorous experimental testing, other intraluminal pathways not yet investigated are possible. (b) There is a large body of evidence that capillary forces can influence proximal tubular reabsorption (13) (14) (15) (16) (17) (18) (19) (20) (24) (25) (26) ; such evidence, together with the lack of experimental support for other mechanisms of glomerulotubular balance has shifted attention to peritubular forces as the pathway coupling filtration rate and reabsorption. (c) Independent of the exact mechanism involved, the most direct evidence against an intraluminal coupling of load and reabsorption derives from in vivo microperfusion studies in which it was concluded that perfusion rate had little or no effect on reabsorptive rate (9) (10) (11) (12) . However, in other microperfusion studies (8, 10, 13) a variable effect of load on reabsorptive rate has been observed. In an extensive re-examination of the in vivo microperfusion technique (21) we observed that the rate of reabsorption of an artificial perfusion solution, such as that usually used, declines after a brief period of perfusion, whereas reabsorption of an ultrafiltrate of plasma remains constant over the same period of time. This observation alone raises the possibility that reabsorption of sodium may be coupled to some unidentified filterable constituents of plasma. Moreover, the experimental error involved in measuring reabsorptive rates by microperfusion of necessarily short tubular segments is so great that important changes in reabsorption could go undetected. When only longer tubular segments perfused with an ultrafiltrate of plasma were examined a statistically significant relationship existed between perfusion rate and the rate of reabsorption (21) .
For these reasons we deemed it important to reexamine the relationship between intraluminal load and tubular reabsorption using an experimental design that would permit manipulation of delivery of normal glomerular filtrate in individual tubules in the absence of hemodynamic changes. This was accomplished by puincturing the same proximal tubule at both the most proxi-mal and most distal sites accessible on the surface. Measurements were made first by total collections of tubular fluid only from the distal site and then again during continuous partial aspiration through the proximally placed pipette. This method permitted changing the delivery of filtrate within the tubular segment lying between the two collecting pipettes without directly manipulating NFR. In these studies there was no significant change in NFR when delivery of tubular fluid between the two puncture sites was decreased an average of 46%. In association with this decreased delivery the rate of reabsorption fell 29%, indicating 63% balance between load and reabsorption. Therefore, the fall in reabsorption as delivery between the pipettes was reduced must have been due to some effect of the reduction in intraluminal load per se.
The mechanism whereby decreased intraluminal load may lead to a fall in proximal tubular reabsorption remains unknown. It seems unlikely that this relationship could be due to an effect of tubular distension on reabsorption as suggested by Gertz et al. (4) . It has been shown that during obstruction of individual tubules (12, 27) , as well as during partial ureteral obstruction (6, 7) , reabsorption fell at a time when tubular diameter was increased. We have made similar observations in this laboratory.3 Also, it seems unlikely that the coupling of load and reabsorption is mediated by an effect of delivery out of the proximal tubule to activate a feedback mechanism such as suggested by Leyssac (2) . In the present studies reabsorption changed as load in the proximal tubule changed even though flow beyond the proximal tubule was interrupted throughout. Thus, even though the present results support the view that glomerulotubular balance can be largely a result of changes in intraluminal load per se they do not support either of these previously proposed pathways.
Although it is unlikely that diffusion of sodium within the lumen of the tubule constitutes a limiting step in sodium reabsorption it does seem possible that the concentration of sodium might decrease and that of unreabsorbed solutes increase in unstirred layers adjacent to the apical cell membrane, especially within the crypts of microvilli. Such a fall in sodium concentration and rise in the concentration of unreabsorbed solute could limit the rate of net reabsorption due to the limited access for diffusion from lumen into the crypts between microvilli (28) . Increasing flow rate of tubular fluid might increase mixing of this unstirred diffusion barrier and thereby enhance sodium reabsorption by increasing diffusion of sodium into cells. This proposal is similar to that of Kelman (1) except the poorly mixed barrier to diffusion would be within the brush border rather Bartoli, E., J. Conger, and L. E. Earley. Unpublished results. than within the tubular lumen. This interpretation is consistent with the report that unidirectional fluxes from lumen to blood of labeled Na, Cl, and urea are flow dependent (29) .
Net reabsorption conceivably could change in direct relationship with the volume of filtrate if sodium reabsorption were dependent upon, or secondary to, the reabsorption of some other constituent of plasma. For instance, if sodium and water reabsorption were driven by the reabsorption of some other substance and if this substance could be reabsorbed only to some limiting minimal concentration, then a reduction in filtration rate would automatically reduce the amount of this hypothetical substance filtered and reabsorbed and the fractional reabsorption of sodium and water would remain constant. In agreement with this possibility it has been shown recently that potential differences across the proximal tubular epithelium are affected by glucose and amino acids (30) . The present studies provide no evidence as to how changes in intraluminal load may influence reabsorption and these suggestions are offered only as possibilities worthy of further consideration.
These results and conclusions should not be regarded as evidence against a role of peritubular capillary absorption in the regulation of sodium and water reabsorption or even in the phenomenon of glomerulotubular balance. The degree of balance between intraluminal load and reabsorption was not as complete in this study as is the degree of glomerulotubular balance during a reduction in renal perfusion pressure (23) . It may be that intraluminal factors operate together with peritubular factors (14) (15) (16) (17) (18) (19) (20) (24) (25) (26) to effect an optimal degree of coupling between load and reabsorption. Also, peritubular and other factors may determine a level of reabsorption on which background intraluminal factors operate to maintain relatively constant fractional reabsorption when filtration rate changes.
